(Recieved April 18, 2001) Layered vanadyl alkylphosphates, where the alkyl groups are not only straight-chain but also branched and cyclic ones, were prepared by reaction of a mixture of V2O5 and V4O9 with P2O5 in alcohol. The distances between layers of the vanadyl alkylphosphates increased linearly as the length of the alcohol increased.
The (VO)2P2O7 catalyst obtained by calcination of vanadyl methylphosphate exhibited a high performance in the oxidation of n-butane to maleic anhydride.
Selective oxidation of n-butane to maleic anhydride (MA) is now an important commercial process, because MA is a useful raw material for agricultural chemicals, food additives, unsaturated polymer resins, etc. Vanadyl pyrophosphate, (VO)2P2O7, is a main component of the commercial catalyst for this reaction1) and it is still desirable to improve the catalytic performance.
There are many reports about the synthesis of vanadium-phosphorus oxides having various nanostructures, that is, intercalation compounds2)-4), lamellar compounds5)-10), large crystallites11), mesostructured materials12)-16), and thin-layered compounds17),18). The lamellar compounds are represented by vanadyl alkylphosphonates and alkylphosphates.
The formers are shown by alkylphosphonic acid6)-10). The formation through the intercalation was greatly dependent on the shape and size of the alkyl group of respectively. There is no academic report about the vanadyl alkylphosphate with P-O-C bond.
A patent from Du Pont has described the synthesis of these compounds using V2O5 and P2O5 in alcohol5). However, the synthesized vanadyl alkylphosphates are limited only to those from primary aliphatic alcohols. Since the thermal decomposition brought about the precursors of oxidation catalysts, these lamellar compounds are intriguing candidates of the starting materials for the catalyst5),6). Here we wish to report a novel method for synthesis of layered vanadyl alkylphosphates using a variety of alcohols and the application to catalyst precursors for the oxidation of n-butane to MA.
The original point of the present method is that V2O5 is first reduced. Vanadyl alkylphosphates were prepared as follows. V2O5 (29.2g) was reduced with a mixture of i-butanol (180cm3) and benzyl alcohol (120cm3) at the refluxing temperature (378K) for 3h. The obtained black solid was separated by filtration. The powder XRD patterns revealed that this solid was a mixture of V 2O5 and V4O9. The average oxidation number of V measured by a titration method20) was +4.7, indicating that V2O5 and V4O9 coexisted at the molar ratio of 2/3. The solid (about 20g) was added to 300cm3 of each alcohol, and then a mixture of P2O5 (29.6g) and toluene (70cm3) was slowly added to the suspension with stirring at room temperature. The mixture was then refluxed for at least 3h.
Finally, the solid was separated by filtration, washed with acetone and dried at room temperature for 16h. In the present study, the following alcohols were used: primary aliphatic alcohol; methanol, ethanol, 1-propanol, 1-butanol, 1-hexanol, 1-octanol, secondary aliphatic alcohol; 2-prop anol, 2-butanol, and alicyclic alcohol; cyclopentanol, cyclohexanol.
Catalytic oxidation of n-butane was carried out in a conventional fixed-bed reactor (stainless tubing, i.d. 10mm) under an atmospheric pressure at 723K.
The reactant mixture consists of n-butane 5%, O2 20%, and N2 (balance). The vanadyl methylphosphate were previously calcined with a mixture of O2 10%, and N2 (balance) for 8h at 773K.
Prior to the reaction, the catalyst was aged in the reaction mixture at 723K for 30h.
Elemental analysis showed that the R/P ratios of the products obtained from primary and secondary aliphatic alcohols were * To whom correspondence should be addressed. E-mail:yuuichi.kamiya@tonen.co.jp about unity and that obtained from alicyclic alcohols were 0.6. where R indicates an alkyl group. It was confirmed that the P/V ratios of all the products prepared in the present study were nearly unity.
Thus the formula of the products can be represented by
The XRD patterns of the vanadyl alkylphosphates are shown in Fig. 1 . For the products from mee meethanol, 1-octanol, 2-butanol and cyclohexanol, the series of (001) reflections were intense. This data suggests that these solids have lamellar structure. The 1.37nm (2-butanol) and 1.27nm (cyclohexanol). Figure 2 presents the correlation between the d(001) values of the products and the molecular length of the alcohol, where the molecular length determined on the basis of the covalent bond lengths with MOPAC (FUJITSU WinMOPAC Version. 1.0) corresponds to the distance between H of OH (H-OH) and farthest H from H-OH-It was found that the d(001) values increased linearly as the length of the alcohol increased. This indicates that the alkyl group is inserted in the interlayer space with a bonding of P-O-R. This method pernited the synthesis of the lamellar vanadyl alkylphosphates derived from secondary aliphatic and alicyclic alcohols for the first time. It is reasonable that the basal distance determined from the extrapolation is 0.40nm which is close to that of VOPO4 (0.411nm)23). If the organic moieties existed as a single or a double layer perpendicularly against the inorganic layer, the slopes of the line would be 1 or 2, respectively. The observed slope of the line, 1.65, suggests that the organic moieties are present as a double layer and a tilt of 56 degree in the interlayer space. Table 1 shows the catalytic activity of the catalyst (VP-MeOH) obtained from vanadyl methylphosphate, together with that of the typical (VO)2P2O7 catalyst (VP-org) prepared by the so-called organic solvent method24). The VP-MeOH exhibited 59% of the selectivity to MA at the conversion of 75%. Table 1 demonstrates that the catalytic performance of VP MeOH was comparable to that of the VP-org (conversion 76%, selectivity 59%), which is known to be highest efficient catalyst1).
In conclusion, the novel layered vanadyl alkylphosphates were synthesized from a variety of alcohols including secondary aliphatic and alicyclic alcohols. The catalytic performance of the catalyst obtained from vanadyl methylphosphate was considerably high. Since the interlayer distance of the vanadyl alkylphosphate can be controlled by changing the kind of alcohol, the tailored interlayer structure would have a great potential for post-synthesis of advanced vanadium-phosphorus oxide catalyst by using intercalation technique.
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a) The reaction was performed with a mixture of n-butane (5%), O2 (20%), and N2 (balance) at 773K.
WF-1=373 g h mol-1. b) Surface area after the reaction. c) VP-MeOH was obtained by calcination of vanadyl methylphosphate with a mixture of O2(10%), and N2 (balance) for 8h at 773K.
